We apply the Google matrix algorithms for analysis of interactions and influence of 37 cancer types, 203 cancer drugs and 195 world countries using the network of 5 416 537 English Wikipedia articles with all their directed hyperlinks. The PageRank algorithm provides a ranking of cancers which has 60% and 70% overlaps with the top 10 deadliest cancers extracted from World Health Organization GLOBOCAN 2018 and Global Burden of Diseases Study 2017, respectively. The recently developed reduced Google matrix algorithm gives networks of interactions between cancers, drugs and countries taking into account all direct and indirect links between these selected 435 entities. These reduced networks allow to obtain sensitivity of countries to specific cancers and drugs. The strongest links between cancers and drugs are in good agreement with the approved medical prescriptions of specific drugs to specific cancers. We argue that this analysis of knowledge accumulated in Wikipedia provides useful complementary global information about interdependencies between cancers, drugs and world countries.
Introduction

1
"Nearly every family in the world is touched by cancer, which is now responsible for 2 almost one in six deaths globally" [1] . The number of new cancer cases in the world is 3 steadily growing reaching 18.1 million projected for 2018 [2] with predicted new cases of 4 29.4 million for 2035 [3] . The detailed statistical analysis of new cases and mortality 5 projected for 2018 is reported in [4] . Such statistical analysis is of primary importance 6 for estimating the influence of cancer diseases on the world population. However, it 7 requires significant efforts of research groups and medical teams all over the world such 8 as consortia involved in the Global Burden of Diseases Study (GBD) [5] and the WHO 9 GLOBOCAN reports [2] . 10 Here we propose to probe the network of Wikipedia articles in order to infer specific 11 interactions between cancer types and to measure world influence of cancers. Wikipedia 12 can be seen as a global database of accumulated human knowledge with an immense 13 variety of topics. Moreover the way Wikipedia articles are citing each other encodes 14 scientific, social, historical, and many other aspects. In principle one should be able to 15 extract from Wikipedia direct or indirect relations between cancers, drug cancers and engine information retrieval [6, 7] . Applications of this approach to various directed 23 networks are described at [8] . Here we use the network of English Wikipedia articles with a huge amount of information exceeding those of Encyclopedia Britannica [9] in 28 volume and accuracy of articles devoted to scientific topics [10] . As an example, articles 29 on biomolecules are actively maintained by Wikipedians [11, 12] . The academic analysis 30 of information collected in Wikipedia is growing, getting more tools and applications as 31 reviewed in [13, 14] . The scientific analysis shows that the quality of Wikipedia articles 32 is growing [15] . 33 A new element of our analysis is the reduced Google matrix (REGOMAX) method 34 developed recently [16, 17] . This method selects a modest size subset of N r nodes of The efficiency of this approach has been tested with Wikipedia networks of 42 politicians [17] , painters [18] , world universities [19] , with biological networks from 43 SIGNOR data base [20] , with world trade networks [21, 22] , and with financial 44 networks [23] . The method is general as it can be applied to any subset of nodes 45 embedded in a huge directed network. The main outcome is a synthetic effective view of 46 the subnetwork encoded by weighted links in the corresponding reduced Google matrix. 47 The strength of the specific application of REGOMAX method to Wikipedia networks
48
is the encyclopedic nature of Wikipedia. Myriads of subjects are treated in Wikipedia 49 which allow through the network of articles to connect, at least indirectly, many very 50 different topics such as, e.g., for the present study, countries and cancer types. Moreover 51 in the framework of the REGOMAX method every articles in Wikipedia, even articles 52 having apparently nothing to do with the subjects of interest possibly contribute to the 53 effective link obtained between two chosen nodes (i.e., articles). Although the quality of 54 Wikipedia articles is constantly growing [10] [11] [12] 15] , the information extraction may be 55 sensitive to noise coming from inadequate or not so relevant links introduced in certain 56 Wikipedia articles. These noisy links, which depends on when the Wikipedia network 57 has been extracted, usually are cleaned out by the Wikipedians collaborative effort. The 58 lifetime before removal of these noisy links depend also on the subject. As there is no 59 simple way to quantify this source of noise (the degree of relevance of a link between 60 two articles), we assume that in average it causes no harm to the present study. The 61 results are presented in the devoted section keeping in mind this limitation.
62
In this work the reduced network is composed of N cr = 37 types of cancers listed at 63 Wikipedia [24] and N d = 203 drugs for cancer extracted from data base [25] . All these [26, 27] ). The PageRank list of the 195 selected countries is available at [28] . 69 Thus in total the reduced Google matrix selected number of nodes is 70 N r = N cr + N d + N cn = 435. The inclusion of these three groups (cancer types, cancer 71 drugs, and countries) in the reduced set of N r articles allows to investigate the 72 interactions and influence of nodes inside group and between groups.
73
The paper is composed as follows: the section "Description of data sets and methods" 74 will present the May 2017 English Wikipedia network, introduce the Google matrix, the 75 PageRank and CheiRank algorithms, and explain the construction of reduced Google 76 matrices. In this section the node influence is defined through the PageRank ranking 77 and the PageRank sensitivity. In the section "Results" we present the influence of 78 cancer devoted pages in Wikipedia and extract a cancer ranking which is compared to 79 cancer rankings extracted from GBD study [5] and GLOBOCAN [2] [25] and DrugBank [29] . The last section presents 87 the conclusion of this research.
88
Description of data sets and methods
89
Network of English Wikipedia articles of 2017
90
We analyze the English language edition of Wikipedia collected in May 2017 91 (ENWIKI2017) [30] containing N = 5 416 537 articles (nodes) connected by 92 N l = 122 232 932 directed hyperlinks between articles (without self-citations). From this 93 data set we extract the N cr = 37 types of cancers listed at [24] . From [25] we also in [28] . Thus in total we have the reduced network of
nodes embedded in the global network with more than 5 millions nodes. All data sets 100 are available at [28] .
101
Google matrix construction rules
102
The construction rules of Google matrix G are described in detail in [6] [7] [8] . Thus the surfer, jumping from one node to another, it gives the probability (1 − α) to jump to 110 any node. Below we use the standard value α = 0.85 [7] noting that for the range 111 0.5 ≤ α ≤ 0.95 the results are not sensitive to α [7, 8] .
112
The right PageRank eigenvector of G is the solution of the equation GP = λP with 113 the unit eigenvalue λ = 1. The PageRank components P (j) give positive probabilities to 114 find a random surfer on a node j after an infinite journey ( j P (j) = 1). The numerical 115 computation of P (j) is done efficiently with the PageRank algorithm described in [6, 7] . 116 The node influence is measured from the PageRank algorithm. We sort network 117 nodes by decreasing PageRank probabilities. We assign K = 1 index to the node with 118 maximal probability, i.e., the most central node according to PageRank algorithm, pointed by influential nodes.
122
It is also useful to consider the network with inverted direction of links. After links 123 inversion A * ij = A ji , the Google matrix G * is constructed within the same procedure
124
with G * P * = P * . The matrix G * has its own PageRank vector P * called CheiRank [31] 125 (see also [8, 32] CheiRank algorithm can also be given: a node is all the more diffusive as it is pointed 129 by diffusive nodes.
130
On average, the high values of P (j) (P * (j)) correspond to nodes j with many 131 ingoing (outgoing) links [8] .
132
The PageRank order list of 37 cancers and 203 drugs is given in Cytoscape [33] .
142
Reduced Google matrix algorithm
143
The details of REGOMAX method are described in [16, 17, 20] . It captures in the Google matrix G R is such as G R P r = P r where P r is its associated PageRank 147 probability vector. The PageRank probabilities P r (j) of the selected N r nodes are the 148 same as for the global network with N nodes, up to a constant multiplicative factor 149 taking into account that the sum of PageRank probabilities over N r nodes is unity. The 150 computation of G R provides a decomposition into matrices that clearly distinguish 151 direct from indirect interactions: G R = G rr + G pr + G qr [17] . Here G rr is the N r × N r 152 submatrix of the N × N global Google matrix G encoding the direct links between the 153 selected N r nodes. The G pr matrix is rather close to the matrix in which each column is 154 given by the PageRank vector P r , ensuring that PageRank probabilities of G R are the 155 same as for G (up to a constant multiplier). Thus G pr does not provide much more 156 information about direct and indirect links between selected nodes than the usual interesting role is G qr , which takes into account all indirect links between selected nodes 159 appearing due to multiple paths via the global network of N nodes (see [16, 17] ). The 160 matrix G qr = G qrd + G qrnd has diagonal (G qrd ) and non-diagonal (G qrnd ) parts. Thus 161 G qrnd describes indirect interactions between nodes. The explicit formulas as well as the 162 mathematical and numerical computation methods of all three components of G R are 163 given in [16, 17, 20] . approach, already used in [26, 27] , allows to measure the sensitivity of a node influence 176 with respect to the change of a link intensity. Pragmatically it measures the increase or 177 decrease of influence of a node A caused by an increase of the intensity of the link from 178 a node B to a node C.
179
Results
180
Cancer distribution on PageRank-CheiRank plane
181
The disease,...) [37] . The list of these 240 articles in CheiRank order is also given in [28] . PageRank positions are taking by the world countries as discussed in [8, 26] 
203
These 230 articles are studied in [27] in the frame of Wikipedia network analysis. The 204 global PageRank list of 230 infectious diseases and 37 cancers is given in [28] . In this K r ∈ {1, . . . , 240} and CheiRank indices K * r ∈ {1, . . . , 240} is shown in Fig. 3 . We Fig. 3 ), devoted to an antiandrogen medication mainly used to treat Prostate cancer, is 229 due to a very long article with a high density of intra-wiki citations [39] . Like the
230
Paclitaxel article, the Bicalutamide article cites also the Ovarian cancer since this 231 medication has already been tried for this cancer type [39] .
232
The three most influent cancer drugs in ENWIKI2017 are Talc, K r = 14, which is 233 used to prevent blood effusions, e.g., in Lung cancer or Ovarian cancer [35] ,
234
Methotrexate, K r = 20, which is a chemotherapy agent used for the treatment Breast 235 cancer, Leukemia, Lung cancer, Lymphoma, etc [36] , and Thalidomide, K r = 22, which 236 is a drug modulating the immune system used, e.g., for Multiple myeloma 237 treatment [37] . Although Talc is widely used in chemical, pharmaceutical and food industries [35] , its global PageRank position is nevertheless of the same order than the 239 PageRank position of the second most influent cancer drug in Wikipedia, i.e.,
240
Methotrexate, which is a drug more specific to cancers [36] .
241
Comparison of Wikipedia network analysis with GBD study We perform the comparison of cancer significance given by the GBD study 2017 [5] , the 244 GLOBOCAN 2018 [2] , and the Wikipedia network analysis. We extract the rankings of 245 cancer types by the number of deaths in 2017 estimated by the 2017 GBD study [40] 246 (see Tab. 4) and by the number of disability-adjusted life years (DALYs) estimated by 247 the 2017 GBD study [41] (see Tab. 4). Also, we extract the rankings of cancer types by 248 the number of deaths and by the number of new cases in 2018 estimated by the 249 GLOBOCAN 2018 [4] (see Tab. 5). In Fig. 4 , we show the overlap of these 4 rankings 250 with the extracted ranking of cancer types obtained from the ENWIKI2017
251
PageRanking (see bold items in Tab. 3). We observe that the ranking obtained from the 252 Wikipedia network analysis provides a reliable cancer types ranking since its top 10 (top 253 20) shares about 70% (80%) similarity with GBD study data and GLOBOCAN data. Tab. 3). These 5 cancers are symbolized by plain green nodes distributed around the central gray circle. We determine the two cancers to which each of these 5 cancers are preferentially linked according to (G rr + G qrnd ). If not among the top 5 cancers, a newly determined cancer is placed on a gray circle centered on the cancer from which it is linked. Then for each one of the newly added cancers we determine the two best cancers to which they are each linked, and so on. This process is stopped once no new cancers can be added, i.e. at the 3rd iteration San Marino should be related to the fact that inhabitants of San Marino commemorate 345 Saint Agatha, patroness of the Republic and of breast cancer patients [56] . Hidden link 346 from Breast cancer to Cambodia is more difficult to interpret.
347
Let us now consider the reduced Google matrix associated to N r = N cr + N d = 240 348 May 2017 English Wikipedia articles devoted to N cr = 37 cancer types and to N d = 203 349 cancer drugs. As above the reduced network of cancer can be constructed (Fig. 6,   350 bottom panel). The construction process ends at the 4th iteration. The main structure 351 of reduced network of cancers is the same as the previous with some exceptions.
352
Pancreatic cancer is added to the digestive system cancers cluster and via hidden links, 353 Melanoma points now to Skin cancer which points to Breast cancer. Rituximab targeting B-lymphocyte antigen CD20 [58] . On the other hand non 363 connected cancer types can in some cases share the same medication, the monoclonal 364 antibody Trastuzumab typically used for Breast cancer is now also considered as a drug 365 for Stomach cancer since these two cancer types overexpress the HER2 gene [59] . Let us 366 note that hidden links connecting Non-Hodgkin lymphoma to Cyclophosphamide and
367
Rituximab capture also a current medication reported in DrugBank database [29] .
368
The reduced network of cancers shown in Fig. 6 depict in a relevant manner 369 interactions between cancers, cancer-country and cancer-drug interactions through 370 Wikipedia.
371
World countries sensitivity to cancers
372
We consider the reduced Google matrix associated to the set of N r = N cr + N cn = 232 373 Wikipedia articles constituted of N cr = 37 articles devoted to cancer types and of 374 N cn = 195 articles devoted to countries. We compute the PageRank sensitivity 375 D(cr → cn, cn), i.e., the infinitesimal rate of variation of PageRank probability P (cn) 376 when the directed link cr → cn, (G R ) cn,cr , is increased by an amount δ(G R ) cn,cr , where 377 δ is an infinitesimal. Color categories are obtained using the Jenks natural breaks classification method [60] .
Western Europe, and, Southern Europe for males, and, Northern America, Northern 386 Europe, Western Europe, and, Australia/New Zealand for females. The less affected are 387 African countries for both sexes. Let us note that although incidence rates are very high 388 for males in Micronesia/Polynesia according to [4] , this fact is not captured by indices of countries in [28] ).
396
As complementary information, sensitivities of countries to Breast cancer and to
397
Leukemia are given in [28] .
398
In order to investigate cancer -drug interactions it is also possible to represent 399 sensitivity of countries to the variation of links from a cancer to a drug. As an 400 illustration, Fig. 8 variation is given in [28] . Table 2 (Talc has been removed as its article is too general). Table 2 (Talc has been removed as its article is too general).
Interactions between cancers and drugs
410
Let us investigate interactions between cancers and drugs considering the subnetwork of 411 N cr = 37 cancers (see Tab. 1) and of the first 37 cancer drugs appearing in the
412
PageRank ordered list Tab. 3. We do not consider Talc here since it is widely used in 413 not only pharmaceutical industries.
414
We consider the sensitivity of cancer to drugs via the computation of D (cr → d, cr) 415 presented in Fig. 9 . Although the PageRank sensitivity is computed using the 416 logarithmic derivative of the PageRank, globally the most sensitives cancers are the 417 ones with the highest PageRank probability, i.e., the ones with lowest PageRank indices 418 K (see Fig. 2 Fluorouracil to Anal cancer, Doxorubicin to Soft-tissue cancers, etc. Again the National 426 Cancer Institute [25] and DrugBank [29] databases report these possible drug -cancer 427 associations. Tab. 3), we give the three strongest cancer → drug links, i.e., for a given cancer type cr we select the three cancer drugs d with the highest values (G rr + G qr ) d,cr . Drug in red indicates a pure hidden cancer → drug link, i.e., the cancer type article in Wikipedia does not refer directly to the drug. For each cancer → drug link, the drug is followed by a mark if it is indeed prescribed for the cancer type according to National Cancer Institute [25] and/or DrugBank [29] ; by a L mark if the drug appears only as a subject of passed, ongoing or planned clinical trials reported for the cancer type in DrugBank; and by a mark otherwise. [2] and Global Burden of Diseases study 2017 [5] databases.
463
The recently developed algorithm of the reduced Google matrix allows to construct a 464 reduced network of cancers taking into account all the information aggregated in 465 Wikipedia. This network exhibits direct and hidden links between the most influent 466 cancers which form clusters of similar or related cancer types. The reduced Google 467 matrix gives also countries or cancer drugs which are preferentially linked to the most 468 influent cancers. Inferred relations between cancer types and countries obtained from
